
Copyright is owned by the Author of the thesis.  Permission is given for 
a copy to be downloaded by an individual for the purpose of research and 
private study only.  The thesis may not be reproduced elsewhere without 
the permission of the Author. 
 



Functionalised Polythiophenes: 

Synthesis, Characterisation and 

Applications 

Amy Marisa Ballantyne 

2005 



Functionalised Polythiophenes: 

Synthesis, Characterisation and 

Applications 

A thesis presented in partial fulfilment of the 
requirements for the degree of 

Doctor of Philosophy 

ID 

Chemistry 

at Massey University, Palmerston North 
New Zealand 

Amy Marisa Ballantyne 

2005 



Abstract 

Conducting polymers display properties such as high conductivity, light weight and 

redox activity giving them great potential for use in many applications. Polythiophenes 

have proved to be particularly useful because they are readily functionalised and have 

good chemical stability. The purpose of this work was to investigate the effect of 

electron-withdrawing and electron-donating substituents on the synthesis and 

properties of polythiophenes. 

Initial work entailed the synthesis of a series of styryl-substituted terthiophenes. 

Polymerisation of these materials using both chemical and electrochemical methods 

was found to produce predominantly short chain oligomers (n < 4) and insoluble 

material that could not be further processed. 

An analogous senes of styryl-substituted terthienylenevinylene materials were 

electrochemically oxidised for comparison to the terthiophene series. These materials 

were also found to produce predominantly dim er and short oligomers, but with the 

expected higher conjugation length than the corresponding terthiophene oligomers. 

To enhance polymerisation and increase the solubility of the resulting materials, the 

polymerisation of styryl-terthiophenes with alkyl and alkoxy functionalities was 

investigated. The properties of the resulting polymeric materials were determined using 

electrochemistry, mass spectrometry, spectroscopy and microscopy. The alkoxy 

substituted polymer was found to have a longer average polymer length than the 

corresponding alkyl derivative (-n = 1 1  compared to -n = 6), but was less soluble 

(78% compared to 100%). It was found, however, that by increasing the alkoxy chain 

length from 6 carbons to 10 carbons, the solubility of the polymer could be increased 

to 97% without affecting the average polymer length. The alkoxy-substituted polymers 

were observed to be very stable in the oxidised, conducting state compared to the 

alkyl-substituted polymer, which appeared to be more stable in the neutral, non

conducting state. It was found that these soluble materials could be separated into 



fractions of different length polymers by usmg sequential soxhlet extractions m 

different solvents. 

Preliminary investigations were made into the suitability of these soluble oligomeric 

and polymeric materials for use in photovoltaic, actuator and organic battery 

applications and promising results were achieved for actuator and battery functions. In 

addition, the solubility of these materials allowed nano- and micro-structured fibre and 

fibril surfaces to be prepared for use in high surface area electrodes. 

ii 



Acknowledgements 

The last three years has been a journey on which I have met and worked with so many 

fantastic people and friends. I would like to take this opportunity to acknowledge these 

people who have generously given me their time, moral support and financial 

assistance . 

Firstly, I would like to thank my supervisors Professor David Officer and Associate 

Professor Simon Hall. David, you have always been supportive and encouraging to me. 

Even with your hectic schedule, you have made time to see me and I really appreciate 

this. Simon, I am very grateful for your time and assistance, particularly during the 

arduous writing process. I would also like to acknowledge my '3rd, (lab) supervisor, 

Dr. Warwick Belcher, who started me off on this project and familiarised me in the lab. 

I would like thank the Institute of Fundamental Sciences, Massey University, the 

Nanomaterials Research Centre, Massey University and the MacDiarmid Institute for 

Advanced Materials and Nanotechnology for my scholarships and funding for this 

project. 

To the members of the NRC, past and present: Shannon Bullock, Wayne Campbell, 

Beatrice Eccles, Sonja Ensink, Sanjeev Gambhir, Daina Grant, Susan Habas, Ken 

lolley, Fabio Lodato, Donna Macpherson, Giovanna Moretto, Yvonne Ting, Mark 

Vigneswaren, Klaudia Wagner, Pawel Wagner and Amy Watson. You have all helped 

me in some way, from synthesising materials used in this project, to advice, support 

and encouragement. Thank you. 

I would like to thank the members of the IPR! at the UOW for their time and 

assistance, namely Professor Gordon Wallace, Chee Too, Caiyun Wang, George 

Tsekouras, Yanzhe Wu (Richard), Violeta Misoska, Phil Smugreski, lun Chen and 

Peter Innis. I was always made to feel welcome and 'one of the bunch'. 

vi 



I would to like thank Dr. Paul Dastoor and Chris McNeill at the University of 

Newcastle for their time, expertise and hospitality. 

I would like to thank Doug Hopcroft at HortResearch for taking SEM images of my 

samples, Keith Gordon and Tracey Clarke from the University of Otago for useful 

discussions on computational chemistry of the compounds used in this study, and all 

the Massey University IFS staff for their help during the last few years. 

Thank you to my friends, flatmates and family who have graciously accepted the 

emotional effects of the ups and downs of research and have supported me throughout. 

In particular, thank you to Graeme Ballantyne, Ingrid Dunckley and Giovanna Moretto 

for proof reading. A special thank you also to David Sherwin, who picked me up at the 

end of my first year, got me on track and supported me right to the end. 

Finally, I would like to thank my parents, Graeme and Deborah Ballantyne, for the 

inspiration to start this project and the love and support to finish it. I love you both 

very much. © 

vii 



Table of Contents 

ABSTRACT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  i 

DECLARATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. .. . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .. . iii 

ACKNOWLEDGEMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . .  vi 

TABLE OF CONTENTS . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  viii 

LIST OF FIGlJRES . .. ... .. .... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . .. . . . . . . . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . .. . . . . .  xii 
LIST OF TABLES . . . . . . . . . . . ... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xxv 

LIST OF SYMBOLS . . . . . . . . . . .. . . . . . . . .. .... . . . . . . . .. . .. .. . . . . .. . .... .... .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  xxvi 

LIST OF ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . ... . . . . . . . .. . . . . . . . . . .. . . . . . . . . . . . . .. . . .  xxviii 

MONOMER ABBREVIATIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . ... . .. . . .. .. . . ... .. . . ... . . . . . . . . . . . . . . . . . . . . . . . .  xxxi 

CHAPTERl 
INTRODUCTION . . . . . . . . . .. . . . . . . . . . .. . . ... .. . .. . . . . ... . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 

1 . 1  INTRODUCTION . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . ..... . . . . . . . ... .. . . . .... . ..... . . ... . ..... .. . . . .. . . .  1 
1 .2 CONDUCTING POLYMERS . . . . . . . ... . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2 
1.3 TIllOPHENE BASED POLYMERS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

1.3.1 Polymerisation ................................................................................................. 7 
1.3.2 Polymerisation methods . .... .. . . . . .... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. . .... .. . . . . . .. 11 
1.3.3 Effect of substituents on polythiophenes properties .. .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  13 

1.3.4 Styryl-substituted polythiophenes . . . . . . . . . . . .. . .. . . . ... . . . . . .. . .... . . . ..... . . . .. . . . . ... .. . .. . .. . .. . .. 15 
1.3.5 Alkyl and alkoxy substituents.. ......................................................................... 18 
1.3.6 Thienylenevinylene based conducting polymers . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . .  21 

l A  SCOPE OF WORK . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . .. . ... . ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  22 

CHAPTER 2 
EXPERIMENTAL METHODS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . .. . . . . . . . . . . . . . . . .  23 

2. 1 ELECTROCHEMICAL TECHNIQUES ..... ........... . . .. .. . . . . ....... . . . . . . . . . . . . . . . . .... . . . . .. . . . . .  23 
2.1.1 Introduction . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . . . . . . . . . . . . . . . .. . ... . .. . . . . .. . . . . .. . . . . . .... ... . . . . .. .. . . . . . .. .. . ... 23 

2.1.2 Cell design . . . . . . ... . . . . . . . . . . . . . .. ... . .. .. . . . . .. . . ... . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  23 

2.1.3 Electrochemical techniques ... . . . . . . . . . . ... .. . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  27 
2.2 MALDI-TOF MASS SPECTROMETRY ... . . . . . . .. . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33 

2.2.1 Introduction . . . . . . . . . . . . . . . . . . .. . . . .. . . . . . . . . . . ... . . . .... . . ..... . . . . . . . . . . . . . . . . . . ... . .. . . . ..... . . . . . . . . . . . .. .. . 33 

2.2.2 Instrumentation . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .... . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . .. 33 
2.2.3 Data acquisition and sample preparation . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  37 

viii 



2.2.4 Calculation of polydispersity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . .. . 39 
2.3 IH NMR SPECTROSCOPY . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . .. . .. . . . . . . . . .  .40 
2.4 UV-VIS-NIR SPECTROSCOPY . . . ........ . . . . . .. . . . . . . . . . . ..... . .. ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  .42 
2.5 IMAGING TECfIN1QUES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . ....... ... . . . . . . . . . .  44 
2.6 DEPOSITION TECHNIQUES . . . .. ..... . . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .  .45 
2.7 ELECTROSPINNING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... . . . . . . ... . .. . .. . . . . . .  .47 
2.8 PHOTOVOL TAlCS DEVICES . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . ... ..... .48 

CHAPTER 3 

SYNTHESIS AND POLYMERISATION OF A SERIES OF 

STYRYL-SUBSTITUTED TERTIllOPHENES . . . .. . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 50 

3 .1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .  50 
3 .2 SYNTHESIS OF MONOMERS . . .... ....... ..... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52 
3 . 3 POLYMERISATION USING CHEMICAL OXlDATION . . . . . . . . . .. . . . . .. ... .. . . . . . . . . . . . . . . .  53 

3.3.1 Polymerisation and reduction methods .. . .. .. .. . . .. . . . .. .. ... . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
3.3.2 Characterisation of soluble fractions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . ... . ... . . . ... . . . . .  -.. -.. ?r---_ 
3.3.3 Attempted purification of dimer . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . 58 
3.3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62 

3 .4 POLYMERISATION USING ELECTROCHEMICAL METHODS . . . . . . . . . . . . . . . . . . . . . .  63 
3.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ...... . . . . . . . . . . . . . . . .. . .  63 
3.4.2 Electrochemical growth. . . . .. . . . . . .. .. . . . . . .. . . . . . . . . . . .... .. . . . . . . . .. .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .  63 
3.4.3 Characterisation of electrochemically deposited materials .............................. 71 

3.4.3.1 Electrochemical characterisation ... . . . . .. . . . . . . . . . .... . ... . . .. ... . .. . . . . . . . . . . . . . . . . . . .. .. . . ... . . ..... .  71 
3.4.3.2 Analysis by UV-VIS-NIR spectroscopy ... . . . ... . ........ . . . ... . . . . .. . ... . .. . . . . . .. . . . . ... ...... .. . . .  79 
3.4.3.3 Scanning electron microscopy (SEM) . . . . .... . . . . ... . . . .. . . . .. . . .. . . . . . . . ... . ..... .. . .... . ... . . .. . . . .  85 

3 .5  CONCLUSIONS . . .. . . . . . . . . . ... . . .. .. . . .. . . . . . .. . . .. . . . . . . . . .. . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 
3.6 EXPERIMENT AL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . .. . . . . . . . . . . . . . .  91 

3.6.1 Reagents and materials . . . . . . . . . . . . . . . .... . . . . . . . . .. . . . . . ...... . .. . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . .... . 91 
3.6.2 SyntheSiS of styryl-substituted terthiophene ..................................................... 91 
3.6.3 Polymerisation of styryl-substituted terthiophene monomers ........................... 95 
3.6.4 Electrochemical synthesis ............................................................................... 97 
3.6.5 MALDI-TOFMS ............................................................................................. 98 
3.6.6 UV-VIS-NIR spectroscopy ............................................................................... 99 
3.6. 7 I H NMR spectroscopy ... . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ........ . . .. . 99 
3.6.8 SEMimaging .................................................................................................. 99 

CHAPTER 4 

ELECTROCHEMICAL POLYMERISATION OF A SERIES OF 

STYRYL-SUBSTITUTED TERTlllENYLENEVINYLENES . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 

4.1 INTRODUCTION . . ... . . . . . . ... . ........ . . . ..... . . . . . . .. . .. ... . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . .. . .. 100 
4.2 ELECTROCHEMICAL DEPOSITION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . .  102 
4.3 CHARACTERISATION OF FILMS ... . . . . . . . . . . . . ... .... . . . . . . . . ... . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  106 

4.3.1 MALDI-TOF MS characterisation ................................................................. 1 06 
4.3.2 Cyclic voltammetry ....................................................................................... 106 
3.3.3 UV-VIS-NIR spectroscopy ............................................................................. 11 0 

ix 



4.4 CONCLUSIONS . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  116 

4.5 EXPERIMENTAL . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . ..... . . ... .. . ... . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 

4.5.1 Reagents and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 

4.5.2 Synthesis of materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  118 

4.5.3 UV-VlS-NIR spectroscopy ............................................................................. 119 

4.5.4 MALDI-TOFMS .. . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  119 

CHAPTERS 
POLYMERISATION OF ALKYL- AND 
ALKOXY-SUBSTITUTED STYRYLTERTHIOPHENES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 

5.1 INTRODUCTION . . .. .... ... . . . .. . . . . . . . . ... . . . . . . . .. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  120 
5.2 CHEMICAL POLYMERISATION OF OCJ)ASTT . . . . . . . . ... .. ... . . .... . ....... . . . . . . . . . . .... 122 

5.2.1 Polymerisation and reduction procedure . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . ... . . . . . . . . . . .. . .. 122 

5.2.2 Characterisation of the soluble fraction of polyOCJ)ASTT. . . . . . . . . . . . . . . . . . . . . . . . . . .  124 
5.2.3 Improvement of the polyOCJ)ASTT soluble fraction . . . . . . . . . . . . . . . . . . . . . . . . . .. .... . . .. . .  128 
5.2.4 Polymer separation according to chain length .. . ..... . ... . . .. . . .... . . . . . ...... . . . . . . . . . . . . .  129 

5.2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 
5.3 CHEMICAL POLYMERISATION OF C7DASTT. . . . . . . ... . .... . ...... ... . . ....... ..... . .. ..... 137 

5.3.1 Introduction . . . . . . . . . . . . . . . . . ... ...... . . . . . . . . . . . . . . . . .. ... .... . . . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . ...... . ..... . . . 13 7 

5.3.2 Polymerisation and reduction. ....................................................................... 1 3 7 
5.3.3 Polymer separation according to oligomer length . . . .. . . . . . . .... .... . .. .. . . . ... . . . . . ...... 140 
5.3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . .. . . . . ........ . . .. . . .. .. ..... . . . . ..... . .... . ...... . ... . . .......... . . ....... 144 

5.4 CHEMICAL POLYMERISATION OF OCIODASTT ........................................... 146 
5.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . .. . . . . .. . . . .. . . . . .. . . .. . . . .. . .. . . . . . . . . . . . . . . .  146 
5.4.2 Polymerisation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

5.4.3 Polymer separation according to oligomer length . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .  151 

5.4.4 Conclusions . . . . . . . . . . . . .. .. . . .. . ... . . . . . . . . . . . . .. . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . ... . . . . . . . . .. ....... . . . ... . . .. 157 

).) ELECTROCHEMICAL POLYMERISATION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . . . .  158 
5.5.1 Introduction . . . . . . . . . . . . . ... . .. . .. ... . .. . . ... .. . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. ... . . . ... . . . . ..... . . . . ..... 158 

5.5.2 Electrochemical growth and post-growth analysis ofpolyC7DASTT . . .. . . . . . . . . . .  159 
5.5.3 Electrochemical growth and post-growth analysis of polyOCJ)ASTT . . . . . . . . . . .  164 

5.5.4 Electrochemical growth and post-growth analysis of polyOCJ(fJASTT . . . ....... 171 
5.5.5 Summary of electrochemically polymerised material . . . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . .  181 

5.6 CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  182 

5.7 EXPERIMENTAL . . . . . . . . . . . . . . . .. . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . .. . . ... . 185 
5.7.1 Reagents and materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . 185 
5.7.2 Chemical synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  185 

5.7.3 Electrochemical synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 
5.7.4 MALDI-TOFMS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .  190 
5.7.5 UV-VlS-NIR instrumentation and spectroelectrochemistry . . . . . . . . . .. . .. . ... . . . . .. . . . .  190 

5.7.6 SEM imaging . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  190 

CHAPTER 6 
DEVICE FABRICATION AND ANALySIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  192 

6.1 INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . ... . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  192 

x 



6.2 PHOTOELECTROCHEMICAL CELLS . . . . . . . . . . . . . . .. . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 94 
6.2.1 Introduction . . ... . . . . . ... . .. . . . . . . . . . . . . ... . . ......... . . .. . . . . . . . . . . . . ... . . . . .. . . ... . . . . . . . . . . . . . . .. ... . . . . . . .  194 

6.2.2 Device assembly and materials . . . . . . . . . . . . . . . . . . . .. . . .. . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  196 
6.2.3 NMe�TT oligomer films . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  196 
6.2.4 PolyOCJ()DASTT films ................................................................................... 198 

6.2.5 Styryl thienylenevinylene derivatives . ... . . .. . . . . . .. . . . . . . . .. . . . .. . . . . . .... . ... ........... . . . ... . .  199 
6. 2. 6 Conclusions . . . .. . . ... . . . . . . . . . . . . . . .. . .. . . . . . . .. . .. . . . . . . . . . . .. . .. . . . . . . . . . .. . . . . . ... . . . . . .. . . . . . . . . . . . . . . .. . 203 

6.3 ELECTROMECHANICAL ACTUATORS . . . . . . . . . . . . . .. . .. . . . . . ... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  204 

6. 3.1 Introduction .. . . . . .. . . . . . . . . . . . . .. . . ...... . . . . . . .. . . . . . . . . . . . . . .. ... . . . . . . . . . . . . . . . . . .... . . . . . . .. . .. . . . . . . . ... 204 

6.3.2 Testing procedures and terminology .. . ........ . . . . . . . ... . . ... . . . .. . . ...... . .... ........ . ..... . . . .  205 
6.3.3 Bilayer benders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ... . . . . . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . .. 208 

6.3.4 Fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  215 
6.3.5 Free-standingfilm with incorporated wire ..................................................... 219 
6.3.6 Conclusions .. . . . ... . . . . . . . . . . ... . . . . . . . . ... . . . . . .. . . ...... . . . . . . . . . . . . . . . . . . . . . .. . . . . . . .. . . . . . . . . . . . . . . . . . . . .  224 

6.4 BATTERIES ....................................................................................................... 226 
6.4.1 Introduction . . . . . . . . .. . ... . .... . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  226 
6.4.2 Cell construction, testing procedures and terminology . . . .. . .. . . . . . . . .. . . . .... . . . ...... . 228 

6.4.3 Analysis of electrodes .................................................................................... 229 
6.4.4 Charge/discharge characteristics . . . . . . . . .. . . . . . . . .. .. .. .. . . . . . . . . . . . . . ... . . ... . . . . . . . . . . .. . . . . . . . .  231 
6.4.5 Cycle life . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . .. . . . . .. ... . . .. . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . .. . . . . . . . . . .  233 

6. 4. 6 Conclusions . . .. . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . .. . .... . . . . . . . . .. . . . . . . . .. . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . .  234 

6.5 MICRO- AND NANO-STRUCTURED SURFACES .......................................... 225 
6.5.1 Introduction .................................................................................................. 235 
6.5.2 Fibrils . . . . . . . . . . . . .. . . . . . . . . . . . . . .. . . . . . . . . . . .. . . . . . . . . . . .. . . .. . . . . . . . .. . . . . . . . . . . . . . . . .. . . . . . . . . .. . . . . . . . . . . . . .. 236 

6.5.3 Inverse opal and opal structures . . . . . . . . . . . . . . . . . . . .. . . . . . . ..... . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . .  238 
6.5.3.1 Introduction . . . . . . . .... . . . . . . . . . . . . .. . . . . . . . . ... . . . . . .. . . .. . ... . . . . . . .. . . . . . . .. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 
6.5.3.2 Platinum inverse opals (honeycomb structure) . . . . . . . . . . ... .. . . . . . . . .. . . . . . . . . . .. . . . . .. . . . . . . . .  239 
6.5.3.3 Platinum, gold and ITO opals (bead structure) . . . ... . . . . . . . . . ... . . . . . . . . . . . . . . . . . . . . . .. . ... .. . .  239 
6.5.3.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. . . . . . . . . . . . . . .. . . . ... . . . . . . . . . . . . . . . . . . . ... . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .  244 

6. 5. 4 Electrospinning . . . . . . . . . . . . . . . . . . . ... . . .. . . . .. . . . . . . . . . . . . . . . .. .. . . ..... . ... . . .. ... . . . . . . . . . . . . . . . . . . ... . .. . 245 
6. 5. 5 Conclusions .................................................................................................. 247 

6.6 CONCLUSIONS . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  258 

6.7 EXPERIMENTAL PROCEDURES . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . .  260 
6. 7.1 PEC devices .................................................................................................. 260 

6. 7.2 Actuator fabrication and experimental procedures . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .  261 
6. 7.3 Details of battery fabrication and testing procedures .................................... 263 

6. 7.4 Fabrication and evaluation of nanostructures ............................................... 264 

CHAPTER 7 

CONCLUSIONS .................................................................................................. 259 

BIDLIOGRAPHY ................................................................................................ 264 

xi 



List of Figures 

Number Description Page 

1.1 A selection of polymers capable of exhibiting conductivity. 2 

1.2 Relative conductivities of polythiophene and trans-polyacetylene ID 
doped and undoped states. 3 

1.3 Scheme showing the reversible p-doping (oxidation) and n-doping 

(reduction) redox processes of polythiophene, with the incorporation of 

required cation/anion species ex'" 1 A 1 to balance the charge of the 
polymer matrix. 3 

1.4 (a) The semi-conducting, aromatic, neutral chain. (b) Formation of a 

polaron species. (c) The conducting, quinoidal, bipolaron species formed 
on further oxidation. X = NH or S, A - = anion (e.g. cr, CI04} 4 

1.5 Energy level diagram showing the difference in band structure of a 

conducting polymer in the neutral state, and oxidised state with formation 

of polaron and bipolaron species. 5 

1.6 (a) al13 positions on a thiophene ring, (b) a - a coupling, (c) a -13 

coupling and (d) 13 -13 coupling. 7 

1.7 Proposed mechanism for the polymerisation of thiophene. 8 

1.8 Functionalisation of thiophene through the 13 positions. 8 

1.9 Possible regioisomers formed by coupling of two, non-centrosymmetric 

monomer units: head-to-head (llli), head-to-tail (Hr) and tail-to-tail 
(TT). 10 

1.10 Examples of (a) regioregular and (b) regiorandom functionalised 

polythiophenes. 10 

1.11 Potentiodynarnic grmvth of terthiophene on a platinum disc electrode (SA 

= 1.8 mm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 

01+900 mY. 9 cycles. Scan rate: 100 mV S·I. 12 

1.12 Synthetic polymerisation of functionalised thiophene using the grignard 

method. 12 

1.13 Oxidative polymerisation of functionalised thiophene using iron(ill) 

chloride. 13 

1.14 Examples of (a) alkyl and (b) alkoxy spacers used to reduce steric 

hindrance of functional groups between thiophene units. 15 

1.15 3 -Aryl substituted polythiophene. 15 

1.16 Styryl-substituted thiophene monomers investigated by Cutler. 16 

1.17 Polyterthiophene functionalised through a vinyl linker. 17 

1.18 Synthesis of vinyl-substituted terthiophene using Wittig reactions. R = 

Ph-R. X = Br, Cl or I. 17 

xii 



1.19 

1.20 

1.21 

1.22 

1.23 

1.24 

2.1 

2.2 

2.3 

2.4 

Examples of (a) crown ether and (b) polyether substituted styryl
terthiophene derivatives investigated by Grant. 

(a) Terthiophene substituted with a tetraphenyl phorphyrin (TPP) via a 
vinyl linker and (b) nitro-substituted styrylterthiophene synthesised and 
investigated by Cutler. 

Supramolecular assembly of 3-hexylthiophene by interdigitation of alkyl 
chains. 

Alkoxy substitution in the (a) 3,3"-positions and (b) 4,4"-positions on 
terthiophene monomers. 

Thienylenevinylene derivatives. (a) poly(thienylenevinylene) and (b) 
poly( terthienylene-vinylene). 

Styryl-substituted terthiophene (m = 0) and terthienylenevinylene (m = 1) 
materials investigated in this study. 

Schematic of a three-electrode one compartment cell. 

Illustration showing the linear and radial diffusion fields produced at 
standard electrodes (SA: > 100 f..Ul12) and disc rnicroelectrodes. 

Schematic of the Ag/O. 0 1 M AgN 03 reference electrode and TBAP 1 AN 
salt bridge used in this study. 

Variation of potential with time for cyclic voltammetry. 

2.5 A CV of ferrocene, demonstrating a single reversible electron transfer 
process 

2.6 

2.7 

Potentiodynamic growth of terthiophene on a platinum disc electrode (SA 
= 1.8 mm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 
01+900 mY. 9 cycles. Scan rate: 100 mV S-I. 

Post-growth CV of OCIODASTT on a Pt mIcro electrode (SA: 
lOI..lm2). Electrolyte solution: 0.1 M TBAP 1:1 AN:DCM. Potential 
limits: -5001+800 m V. Scan rate: 100 m VS-I. 

2.8 (a) A chronoamperogram with (b) the corresponding function of potential 

2.9 

2.10 

2.11 

2.12 

2.13 

versus time. 

Potentiostatic growth of polySTT on a Pt micro electrode (SA: 10 11m2). 
Solvent: 1:1 AN:DCM. Potential held at -500 mV for 1 s, then stepped to 
900 mV for 19 seconds. 

Schematic of MALDI-TOF MS instrumentation. 

Schematic illustrating the difference between the (a) linear and (b) 
reflection modes used in MALDI-TOF MS. 

MALDI-TOF mass spectra of a poly(OCIODASTT) sample (monomer Mr 
= 662.48 g morl). (a) Measured using reflectron mode. (b) Measured 
using linear mode. (c) Enlargement of a peak generated by the linear 
mode. 

Dimerisation of terthiophene showing the loss in terminal protons. 

17 

18 

19 

20 

21 

22 

24 

25 

26 

28 

28 

29 

31 

32 

32 

34 

35 

36 

40 

xiii 



2.14 

2.15 

2.16 

2.17 

2.18 

3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 

3.8 

3.9 

3.10 

3.11 

Dimerisation of STT to form three different possible regioisomers: the 
HH isomer (generated by coupling through the 5 positions), HT isomer 
(coupling through the 5 and 5" positions) and TT isomer (coupling 
through the 5" positions). 

Spectroelectrochemistry of 4,4"-bis(decyloxy-3' -nitro-2,2':5' ,2")ter
thiophene obtained by Gambhir et al.31 Reprinted by permission. A free
carrier tail is displayed at wavelengths above 700 run. 

Experimental setup for electrospinning. 

Schematic diagram of a typical polymer photoelectrochemical cell 
structure consisting of an ITO/polymer/electrolytelPt sandwich structure. 
The interface between the polymer and liquid electrolyte are explicitly 
included to illustrate that the photovoltage is generated by the difference 
in standard electrode potential (work function) between the ITO-polymer 
interface and the polymer-electrolyte interface. Irradiation of the 
semiconducting polymer results in the formation of an exciton, which is 
separated at an interface. Reprinted with permission 

Typical I - V curve of a photovoltaic device.Ise is the short circuit current 
and Voc is the open circuit voltage.Ipp is the current at peak power and Vpp 
is the voltage at peak power. 

Substituents linked by (a) phenyl and (b) styryl moieties to 
polythiophene. 

Structures of the five styryl-substituted terthiophene monomer derivatives 
investigated in this study. 

Wittig reaction between a terthiophene aldehyde and phenyl substituted 
phosphonium salt for the synthesis of the substituted styrylterthiophene 
monomers used in this study. 

Reaction procedure employed for the chemical polymerisation of styryl
substituted terthiophene derivatives. 

The reversible doping (by iron (Ill) chloride or copper perchlorate) and 
dedoping (by washing with water or hydrazine) process of the polymer. 

MALDI-TOF MS of crude, soluble fractions of chemically polymerised 
NMe2STT, OMeSTT, STT, CNSTT and N02STT. Significant signals 
are labelled with oligomer length in terms of monomer units (n). 
Detection suppression limit: 320 Da. 

IH NMR spectra (aromatic region) of NMe2STT and the dimeric HH 
regioisomer produced by chemical oxidation. 

IH NMR spectra (aromatic region) of styryl-15-crown-5 terthiophene, 
and the dimeric HH regioisomer that is produced by oxidation. 

'Charge-trapping' over the two central thiophene nngs and styryl 
substituents as exhibited by theoretical calculations. 

CV of terthiophene monomer on a platinum disc electrode (SA = 1.8 
mm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: -
10001+1500 mV. Scan rate: 100 mV S-I. 

A possible mechanism to explain redox peaks (using thiophene for 
clarity) observed in the first scan of terthiophene derivatives. 

41 

43 

47 

48 

49 

50 

51 

52 

53 

54 

57 

59 

60 

61 

64 

65 

xiv 



3.12 

3.13 

3.14 

3.15 

3.16 

3.17 

3.18 

3.19 

3.20 

3.21 

3.22 

3.23 

3.24 

3.25 

CV scans of CNSTI, STT, OMeSTT and NMe2STI on platinum disc 
electrodes (SA = l.8 rnm2). Supporting electrolyte: 0.1 M TBAP/AN. 
Potential limits: -1000/+1500 mY. Scan rate: 100 mV S·I. 

CV of N02STI monomer on a platinum disc electrode (SA = 1.8 rnm2). 
Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 
-10001+1500 mY. Scan rate: 100 mV S·I. 

Potentiodynamic growth of NMe2STI on a platinum disc electrode (SA = 

l .8 rnm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 
01+900 mY. 9 cycles. Scan rate: 100 m V S·I. 

Potentiodynamic growth of OMeSTI on a platinum disc electrode (SA = 

l.8 rnm2). Supporting electrolyte: 0.1 M TBAP IAN. Potential limits: 
+3001+750 mY. 9 cycles. Scan rate: 100 mV S·I. 

Potentiodynamic growth of STT on a platinum disc electrode (SA = 1.8 
rnm2). Supporting electrolyte: 0.1 M TBAP IAN. Potential limits: 
+ 375/+900 mY. 9 cycles. Scan rate: 100 m V S·I. 

Potentiodynamic growth of CNSTI on a platinum disc electrode (SA = 
l.8 rnm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 
01+900 mY. 9 cycles. Scan rate: 100 m V S·I . 

Potentiodynamic growth of N02STI on a platinum disc electrode (SA = 

l.8 rnm2). Supporting electrolyte: 0.1 M TBAP/AN. Potential limits: 
01+900 mY. 9 cycles. Scan rate: 100 mV S·I. 

Potentiostatic growth of STT on a Pt disc electrode (SA = l.8 rnm2). 
Supporting electrolyte: 0.1 M TBAP/AN. Potential held at 0 mY for 
10 s, then stepped to 900 mV for 290 s. 

Post-polymerisation CV of NMe2STT films polymerised (a) 
potentiodynamically and (b) potentiostatically. Electrode: platinum disc 
(l. 8 rnm2). Electrolyte solution: 0.1 M TBAP 1 AN. Potential limits: 
01+900 mY. 15 cycles. Scan rate: 100 mV S·I. 

Post-polymerisation CYs of (a) potentiodynamically and (b) 
potentiostatically deposited oligoOMeSTI films. Electrode: platinum 
disc (l.8 rnm\ Electrolyte solution: 0.1 M TBAP/AN. Scan rate: 
100 mV S·I. 

Post-polymerisation CVs of (a) potentiodynamically and (b) 
potentiostatically deposited oligoSTI films. Electrode: platinum disc ( l .8 
rnm2). Electrolyte solution: 0.1 M TBAPI AN. Potential limits: 
+375/+1200 mY. 5 cycles. Scan rate: 100 mY S·I. 

Post-polymerisation CVs of (a) potentiodynamically and (b) 
potentiostatically deposited oligoCNSTI films. Electrode: platinum disc 
( l .8 rnm2). Electrolyte solution: 0.1 M TBAP/AN. 5 cycles. Scan rate: 
100 mY S·I. 

Post-polymerisation CVs of (a) potentiodynamically and (b) 
potentiostatically deposited 0ligoN02STT films. Electrode: platinum disc 
(l.8 rnm2). Electrolyte solution: 0.1 M TBAP/AN. 5 cycles. Scan rate: 
100 mV S·I. 

Chromophores produced by styryl-substituted terthiophene derivatives. 

66 

66 

68 

69 

69 

70 

70 

71 

73 

75 

76 

77 

78 

81 

xv 



3.26 

3.27 

3.28 

3.29 

3.30 

3.31 

3.32 

3.33 

3.34 

3.35 

3.36 

3.37 

3.38 

3.39 

4.1 

4.2 

4.3 

UV-VIS-NIR spectra of a film of electrodeposited 0ligoN02STT in the 
oxidised (solid line) and neutral (dashed line) states. 

UV-VIS-NIR spectra of a film of electrodeposited oligoCNSTT in the 
oxidised (solid line) and neutral (dashed line) states. 

UV-VIS-NIR spectra of a film of electrodeposited oligoSTT in the 
oxidised (solid line) and neutral (dashed line) states. 

UV -VIS-NIR spectra of oxidised films (solid lines) and neutral films 
(dashed lines) of OMeSTT deposited usmg potentiodynarnic and 
potentiostatic methods. 

UV-VIS-NIR spectra of films that were previously oxidised (solid lines) 
and neutral films (dashed lines) of NMe2STT deposited usmg 
potentiodynarnic and potentiostatic methods. 

Spectroelectrochemistry of an e1ectrochemically grown film of oligoSTT 
on ITO-coated glass. Potentials between 0.4 V and 1.1 V were applied in 
steps of 0.1 V. 

SEM images of neutral and oxidised films of oligoNMe2STT deposited 
onto ITO-coated glass using potentiodynarnic methods. Magnification: 
xIOOOO. 

SEM image of an oxidised film of oligoOMeSTT deposited using 
potentiodynarnic methods. Magnification: xIOOOO. 

Potentiostatically deposited films of STT oligomers. (a) Neutral film: 
x1400, inset: x70. (b) Oxidised film: x1400. 

SEM images of oligoSTT films deposited using cyclic voltarnrnetry. (a) 
Neutral film: x l 000, inset: x5000. (b) Oxidised state: x2000 
magnification. 

SEM images of oligoCNSTT films deposited using a constant potential. 
(a) oxidised state, x l 0000 magnification, (b) neutral state, x5 000 
magnification. 

SEM images of oligoCNSTT films deposited using cyclic voltarnrnetry. 
(a) oxidised state, x l 0000 magnification, (b) neutral state, x l 0000 
magnification. 

SEM image of a neutral 0ligoN02STT film deposited using a constant 
potential, x 10000 magnification. 

SEM unages of oxidised 0ligoN02STT films deposited by (a) 
potentiostatic and (b) potentiodynamic methods, x l  0000 magnification. 

A polythienylenevinylene derivative 

Terthienylenevinylene monomer derivatives. 

Potentiodynarnic growth of N02STV on a platinum micro electrode (SA 
= 10 11m2). Monomer concentration: 5 mM. Supporting electrolyte: 0.1 
TBAP/1: l AN:DCM. Potential limits: -500/+800 mY. 15 cycles. Scan 
rate: 100 m V S·I. Inset: first three cycles. 
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4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

4.10 

4.11 

4.12 

4.13 

4. l 4  

4.15 

4.16 

4.17 

Potentiodynamic growth of CNSTV on a platinum micro electrode (SA = 

lO,..lm2). Monomer concentration: 5 mM. Supporting electrolyte: 0.1 
TBAPI1:1 AN:DCM. Potential limits: -500/+800 mY. 15 cycles. Scan 
rate: 100 mV S·l. Inset: first three cycles. 

Potentiodynamic growth of STV on a platinum micro electrode (SA = 

10 ,....m2). Monomer concentration: 5 mM. Supporting electrolyte: 0.1 
TBAPI1:1 AN:DCM. Potential limits: -500/+800 mY. 15 cycles. Scan 
rate: 100 m V S·l. Inset: first six cycles. 

Potentiodynamic growth of OMeSTV on a platinum micro electrode (SA 
= 10 ,....m2). Monomer concentration: 5 mM. Supporting electrolyte: 0.1 
TBAP/1:1 AN:DCM. Potential limits: -500/+800 mY. 15 cycles. Scan 
rate: 100 mV S·l. Inset: first three cycles. 

Potentiodynamic growth of NMe2STV on a platinum disc electrode (SA 
= 1.8 mrn2). Monomer concentration: 5 mM. Supporting electrolyte: 0.1 
TBAP /U AN:DCM. Potential limits: 0/+800 mY. 15 cycles. Scan rate: 
100 mV S·l. Inset: first three cycles. 

Post growth cycling of oligoN02STV deposited on a platinum micro 
electrode (SA = 10 ,....m2). Supporting electrolyte: 0.1 TBAP/AN. 
Potential limits: -500/+800 m V. 10 cycles. Scan rate: 100 m V S·l. 

Post growth cycling of oligoCNSTV deposited on a platinum micro 
electrode (SA = 10,....m2). Supporting electrolyte: 0.1 TBAP/AN. 
Potential limits: -500/+800 mY. 10 cycles. Scan rate: 100 mV S·l. 

Post growth cycling of oligoSTV deposited on a platinum micro electrode 
(SA = 10 ,....m2). Supporting electrolyte: 0.1 TBAP/AN. Potential limits: -
500/+800 mY. 10 cycles. Scan rate: 100 mV S·l. 

Post growth cycling of oligoOMeSTV deposited on a platinum micro 
electrode (SA = 10,....m2). Supporting electrolyte: 0.1 TBAP/AN. 
Potential limits: -500/+800 mY. 10 cycles. Scan rate: 100 mV S·l. 

Postgrowth cycling of oligoNMe2STV deposited on a platinum disc 
electrode (SA = 1.8 mrn2). Supporting electrolyte: 0.1 TBAP/AN. 
Potential limits: -5 00/+800 mY. 10 cycles. Scan rate: 100 mV S·l. 

UV-VlS-NIR spectrum of oligoN02STV electrodeposited onto ITO
coated glass and electrochemically oxidised (solid line) and reduced 
(dashed line). 

UV-VlS-NIR spectrum of oligoCNSTV electrodeposited onto ITO
coated glass and electrochemically oxidised (solid line) and reduced 
(dashed line). 

UV-VlS-NIR spectrum of oligoSTV electrodeposited onto ITO-coated 
glass and electrochemically oxidised (solid line) and reduced (dashed 
line). 

UV-VlS-NIR spectrum of oligoOMeSTV electrodeposited onto ITO
coated glass and electrochemically oxidised (solid line) and reduced 
(dashed line). 

UV-VlS-NIR spectrum of NMe2STV electrodeposited onto ITO-coated 
glass and electrochemically oxidised (solid line) and reduced (dashed 
line). 
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4. 1 8  

5 . 1  

5 .2 

5 .3  

5 .4 

5 .5  

5 .6  

5 . 7  

5 . 8  

5 .9  

5 . 1 0  

5 . 1 1  

5 . 1 2  

5 . 1 3  

Relationship between electron withdrawing/donating effect of the 
substituent and the wavelength maxima due to the 1t -+ 1t* transition of 
the oligomer-chain chromophore for both terthiophene and 
thienylenevinylene derivatives. 

Alkyl- and alkoxy-substituted styrylterthiophene monomers that were 
initially polymerised and investigated in this study. 

Polymerisation of OC6DASTT. 

Possible structure created by the mesomeric effect of the oxygen on 
alkoxy substituted thiophene polymers . 

MALDI-TOF mass spectrum of polyOC�ASTT. Signals are labelled 
with the assigned oligomer length in terms of mono mer units (n). 

UV-VIS-NIR spectrum of the soluble fraction of polyOC�ASTT in 
solution in the oxidised state (excess Cu(Cl04)2, solid line) and neutral 
state (dashed line). The 1t-1t* band in the neutral state is labelled with its 
wavelength maximum. 

CV of chemically polymerised OC6DASTT, which has been cast as a 
film onto an ITO-coated glass electrode (- 1 cm\ Supporting electrolyte: 
0 . 1 M TBAP/AN. Potential limits : -500/+ 1200 mY. 16th to 20th cycles . 
Scan rate: 1 00 mV S·I . 

• 

Photograph of the monomer and solvent fractions as solutions ID 
chloroform. (a) Monomer, (b) hexane, (c) acetone, (d) dichloromethane 
and (e) chloroform. 

MALDI-TOF mass spectra of OC6DASTT oligomer fractions extracted 
using hexane followed by acetone, dichloromethane and chloroform. 
Signals are labeled with the assigned oligomer length in terms of 
monomer units (n). Mr of mono mer: 550.5 g mOrl . 

UV -VIS-NIR spectra of OC6DASTT oligomer fractions separated by (a) 
hexane, (b) acetone, (c) DCM and (d) chloroform. Samples were 
measured in the oxidised state (excess Cu(Cl04h solid line) and neutral 
state (dashed line) from solutions in chloroform. 

UV-VIS-NIR spectra of neutral samples of OC6DASTT oligomer 
fractions which have been separated using hexane, acetone, DCM and 
chloroform. The A-max of the major 1t-+1t* transition for each fraction is 
shown. 

MALDI-TOF mass spectrum of poly(C7DASTT). Signals are labelled 
with the assigned oligomer length in terms of mono mer units (n). 

UV-VIS-NIR spectra of polyC7DASTT in the oxidised state (excess 
Cu(CI04)2, solid line) and neutral state (dashed line). The 1t-1t* bands in 
the neutral state are labelled with their wavelength maxima. 

CV of a chemically polymerised C7DASTT film, which has been cast 
onto an ITO-coated glass electrode (SA: -1 cm2) .  Supporting electrolyte: 
0. 1 M TBAP/AN. Potential limits: -500/+1 200 mY. 5 cycles .  Scan rate: 
1 00 mV s·l .  
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5 . 1 4  

5 . 1 5  

5 . 1 6  

5 . 1 7  

5 . 1 8  

5 . 1 9  

5 .20 

5 .2 1  

5 .22 

5 .23 

5 .24 

5 .25 

5 .26 

5 .27 

MALDI-TOF MS of C7DASTT oligomer fractions extracted using 
methanol followed by hexane, acetone and dichloromethane. Signals are 
labelled with the assigned oligomer length in terms of mono mer units (n). 
Mr of mono mer: 546.5 g mOrl . 

UV-VIS-NIR spectra of C7DASTT oligomer fractions separated by (a) 
methanol, (b) hexane, (c) acetone and (d) DCM. Samples were measured 
in the oxidised state (excess Cu(CI04)2, solid line) and neutral state 
(dashed line) from solutions in chloroform. 

UV -VIS-NIR spectra of neutral samples of C7DASTT oligomer fractions 
which have been separated using hexane, acetone and DCM. The Amax of 
the 1t--+1t* transition for each fraction is shown. 

C IO-dialkoxy styrylterthiophene (OCIODASTT) 

Reaction procedure employed for the polymerisation of OCIODASTT 

MALDI-TOF MS of POlyOCIODASTT. Signals are labelled with the 
assigned oligomer length in terms of monomer units (n). 
UV-VIS-NIR spectra of polyOCIODASTT in chloroform in the oxidised 
state (excess Cu(CI04h, solid line) and neutral state (dashed line). The 
major "-max for the 1t--+1t* absorbance is labelled. 

CV of chemically polymerised OCIODASTT, which has been cast as a 
film onto an ITO-coated glass electrode (-1 cm2). Supporting electrolyte: 
0 . 1  M TBAP/AN. Potential limits: -5001+ 1200 mY. 1 0  cycles. Scan 
rate: 100 mV S-I. 

MALDI-TOF mass spectra of OCIODASTT polymer fractions extracted 
using hexane followed by acetone, dichloromethane and chloroform. 
Signals are labeled with the assigned oligomer length in terms of 
monomer units (n). Mr of monomer: 662.4 g mOrl . 

UV-VIS-NIR spectra of OCIODASTT oligomer fractions separated by 
(a) hexane, (b) acetone, (c) DCM and (d) chloroform. Samples were 
measured ill the oxidised state (solid line, oxidised using excess 
Cu(CI04)2,) and neutral state (dashed line) from solutions in chloroform. 

UV -VIS-NIR spectra of OCIODASTT oligomer fractions which have 
been separated using hexane, acetone, DCM and chloroform. The "-max of 
the 1t--+1t* transition for each fraction is listed. 

Cyclic voltammetry of OCIODASTT oligomer fractions that have been 
cast onto a glassy carbon electrode (SA: 7 mm2). Supporting electrolyte: 
0. 1 M TBAP/AN. Potential limits: - 1000/+800 mY. 1 0  cycles. Scan 
rate: 1 00 mV S-I . The average oligomer length in terms of mono mer units 
(nav) is displayed. 

Growth CV of oligoSTT (5 mM) on a platinum microe1ectrode (SA: 1 0  
�m2). Electrolyte solution: 0 . 1 M TBAP/ 1 : 1  AN:DCM. Potential limits: -
5001+900 mY. 1 5  cycles .  Scan rate: 1 00 mV S-I. 

Growth CV of C7DASTT (5 mM) on a platinum microelectrode 
( 1 0  �m\ Electrolyte solution: 0 . 1 M TBAPI l : 1  AN:DCM. Potential 
limits: 01+800 mY. 15  cycles. Scan rate: 1 00 mV S·I. 
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5 .28 

5 .29 

5 .30 

5 .3 1 

Relationship between the current produced during the growth of 
C7DASTI (measured at 0 .8 V) and the cycle number. 

Post gro'wth cycling of polyC7DASTI which has been deposited using 
cyclic voltammetry on a platinum micro electrode (SA: 1 0  �m2) .  
Supporting electrolyte: 0 . 1 M TBAP/AN. Potential limits : 
-5001+800 mY. 1 0  cycles. Scan rate: 1 00 mV S-I . 

Potentiostatic growth of C7DASTI (5 mM) on a platinum micro 
electrode (SA: 1 0  �2). Solvent: 1 : 1  AN:DCM. Potential held at 0 mV 
for 1 s, then stepped to 700 mV for 29 seconds . 

Post growth cycling of polyC7DASTI, which has been deposited 
potentiostatically on a platinum microelectrode (SA: 1 0  �m2) .  Supporting 
electrolyte: 0 . 1  M TBAP/AN. Potential limits: 01+800 mY. 1 0  cycles . 
Scan rate: 100 m V S-I . 

5 .32  Growth CV of OCJ)ASTT (5 mM) of a platinum micro electrode (SA: 
10 �m2) .  Electrolyte solution: 0 . 1 M TBAP/1 :  1 AN:DCM. Potential 
limits: -5001+800 mY. Scan rate: 1 00 mV S-I . The first scan is shown as 

5 . 33  

5 .34 

5 .35 

5 .36 
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5 .38 

5 .39 

5.40 

an inset. 

Post growth cycling of polyOCJ)ASTT which has been deposited using 
cyclic voltammetry on a platinum microelectrode (SA: 1 0  �m2) .  
Supporting electrolyte: 0 . 1 M TBAP/AN. Potential limits : 
-5001+800 mY. 1 0  cycles .  Scan rate: 1 00 mV S-I . 

Potentiostatic growth of OC6DASTI (5 mM) on a platinum 
microelectrode (SA: 1 0  �m2) .  Electrolyte solution: 0. 1 M TBAPI1 : 1  
AN:DCM. Potential held at -500 mV for 1 s, then stepped to 800 mV for 
1 9  s .  

Post growth cycling of polyOC6DASTI which has been deposited 
potentiostatically on a platinum microelectrode (SA: 1 0  �m2) .  
Supporting electrolyte: 0. 1 M TBAP/AN. Potential limits: 
-5001+800 m V. 1 0  cycles .  Scan rate: 1 00 m V S-I . 

Growth CV of OCJ)ASTT (5 mM) on an ITO-coated glass electrode 
(SA: -1  cm2) .  Electrol}te solution: 0 . 1 M TBAP/1 : 1 AN:DCM. 
Potential limits: -500/+800 mY. 5 cycles . Scan rate: 1 00 mVs-l . 

Post growth cycling of polyOCJ)ASTI that has been deposited 
potentiodynamically on an ITO-coated glass electrode (SA: - 1  cm2). 
Supporting electrolyte: 0 . 1 M TBAP/AN. Potential limits: 
-5001+800 m V. 1 0  cycles. Scan rate: 1 00 m V S-I . 

Potentiodynamically deposited films of OC6DASTI oligomers on ITO
coated glass. (a) Neutral film: x 1400, (b) Oxidised film: x 1400 inset: 
x350.  

MALDI-TOF MS of polyOCJ)ASTI, which was polymerised by 
potentiodynamic deposition onto an ITO-coated glass electrode. 
Significant signals are labelled with oligomer length in terms of monomer 
units (n). Detection suppression limit: 1000 Da. 

Growth CV of OCIODASTI (5 mM) on a platinum microelectrode (SA: 
1 0  �m2). Electrolyte solution: 0. 1 M TBAP 1 : 1  AN:DCM. Potential 
limits: -5001+800 mY. Scan rate: 1 00 mV S-I . 
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5.5 1 

5 .52 

Post growth cycling of polyOCIODASTT which has been deposited 
potentiodynamicaUy on a platinum microelectrode (SA: 1 0  Ilm2). 
Supporting electrolyte: 0. 1 M TBAP/AN. Potential limits: 
-5001+800 mY. 10 cycles . Scan rate: 1 00 mV S·I . 

Potentiostatic growth of polyOCIODASTT (5 mM) on a platinum 
microelectrode (SA: 1 0  1-I.ffi2) . Electrolyte solution: 0. 1 M TBAP/l :  1 
AN:DCM. Potential held at -500 mV for 1 s, then stepped to 800 mV for 
1 9  s .  

Post gwwth cycling of polyOCIODASTT which has been deposited 
potentiostaticaUy on a platinum microelectrode (SA: 1 0  Ilm2) . 
Supporting electrolyte: 0. 1 M TBAP/AN. Potential limits: 
-5001+800 mY. 1 0  cycles . Scan rate: 1 00 mV S·I . 

Spectroelectrochemistry of a potentiostatically deposited 
poly(OCIODASTT ) film on ITO-coated glass. The film was initiaUy in a 
reduced state and was oxidised in steps of 0. 1 V. Supporting electrolyte: 
0 . 1 M TBAP/AN. Potentials are reported vs Ag/Ag+. 

Growth CV of OCIODASTT (5 mM) on an ITO-coated glass electrode 
(SA: - 1  cm2) . Electrolyte solution: 0 . 1 M TBAPIl :  1 AN:DCM. Potential 
limits: -5001+800 m V. 5 cycles. Scan rate: 1 00 m Vs·l . 

Post growth cycling of pOly(OCIODASTT) that has been deposited 
potentiodynamically on an ITO-coated glass electrode (SA: - 1  cm2) . 
Supporting electrolyte: 0 . 1 M TBAP/AN. Potential limits: 
-5001+800 mY. 1 0  cycles .  Scan rate: 1 00 mV S·I . 

Potentiostatic gro\\th of polyOCIODASTT (5 mM) on an ITO-coated 
glass electrode (SA: - 1  cm2). Electrolyte solution: 0. 1 M TBAP/l :  1 
AN:DCM. Potential held at -500 mV for 1 s, then stepped to 800 mV for 
1 9  s .  

Post grm\1h cycling of polyOCIODASTT that has been deposited 
potentiostatically on an ITO-coated glass electrode (SA: - 1  cm2). 
Supporting electrolyte: 0 . 1 M TBAP/AN. Potential limits : 
-5001+800 mY. 10 cycles. Scan rate: 1 00 mV S·I . 

SEM images of potentiodynamicaUy deposited films of OCIODASTT 
oligomers. (a) Neutral film: x1400, (b) Oxidised film: x 1400. 

SEM unages of potentiostatically deposited films of OCIODASTT 
oligomers. (a) Neutral film: x 1400, (b) Oxidised film: x 1400. 

SEM images of (a/b) potentiostatically and (cId) galvanostatically 
deposited polyOCIODASTT films on ITO-coated glass. Images (b) and 
(d) are of the film edges formed at the solution/air interface. All images 
are displayed at x7000 magnification. 

MALDI-TOF MS of polyOCIODASTT, which was polymerised by 
potentiodynamic deposition onto an ITO-coated glass electrode. 
Significant signals are labelled with oligomer length in terms of monomer 
units (n). Detection suppression limit: 1 000 Da. 
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6. 1 
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6. 1 1  

6. 12 

6. 13 

MALDI-TOF MS of polyOCIODASTI, which was polymerised by 
potentiostatic deposition onto an ITO-coated glass electrode . Significant 

signals are labelled with oligomer length in terms of monomer units (n). 
Detection suppression limit 1000 Da. 

MALDI-TOF MS of polyOCIODASTI, which was polymerised by 

galvanostatic deposition onto an ITO-coated glass electrode. Significant 

signals are labelled with oligomer length in terms of monomer units (n). 
Detection suppression limit: 1000 Da. 

Construction of a PEC cell. 

I - V curve of a cast film of chemically dimerised NM�STI in the dark 

(thin line) and under illumination (thick line). 

I-V curves of electrochemically grown films of styryl thienylenevinylene 

derivates. (a) NMe2STV, (b) OMeSTV, (c) CNSTV and (d) N02STY. 

The relationship between the photovoltaic activity at lse (Msc, where Msc 
== hgJ1t.,sc - Idark.sc) and the electron-withdrawing capability of substituents 

on films of thienylenevinylene oligomers. 

I - V curve of a PEC device comprising a cast film of STY dimer. 

Experimental setup using a Dual Mode Lever System for measuring 
electromechanical properties of a sample. 

Schematic of a bender made by casting polymer as a solution in 
chloroform on a PVDF memebrane strip. 

CV of a cast polyOCIODASTI film on a PVDF membrane substrate. 

Surface area of substrate: 7 mm
2
. Amount of polymer cast 15 Ilg. 

Supporting electrolyte: 0. 1 M TPAP/AN. Ten cycles. Scan rate: 100 mV 

S·
I
. 

Absorbance of a polyOCIODASTI film on PVDF (a) immediately after 

being cast from solution, (b) after electrochemical oxidation (+ 1 V vs 
Ag/ Ag +) and (c) after oxidation with iodine. 

UV -VlS-NlR spectra of a cast polymer/PVDF strip which has been was 

reduced and oxidised potentiostatically at -0.6V and + 1.0 V. Supporting 

electrolyte: 0.25 M TBAPFJPC. A piece of platinum coil was used to 

wrap around the polymer/PVDF film to increase charge accessability, 
and the potential was applied for 30 minutes. 

Experimental setup for testing a polymerlPVDF strip. Electrolyte: 

0.25 M TBAPFJPC electrolyte. Counter electrode: stainless steel mesh. 

Reference electrode: Ag/Ag+. The strip is shown in both an (a) reduced 

and (b) oxidised state. 

Schematic showing the expansion of the polymer film on oxidation by 

incorporation of the anion, and contraction on reduction due to expulsion 

of the anion. 

Chronoamperometry of polyOCIODASTTIPVDF strip ID 0.25 M 
TBAPFJPC. Oxidation potentials :  switching from -0.6 V to 0.8 V. 

Reduction potentials: switching from 0.8 V to -0.6 V. 
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6. 1 5  

6. 1 6  

Correlation between the injected charge and the displacement of the free 
end of the film. The charge due to non-Faradaic process can be 
determined by extrapolation of the linear trend. 

Schematic of fibres on which polyOCIODASTI was deposited. (a) 
Hollow PVDF membrane fibre wrapped with a 50 J..Ull platinum wire. (b) 
Hollow PVDF membrane fibre which has been sputter-coated with 
platinum and wrapped with a 50 J..Ull platinum wire. (c) 250 J..I.m wire 
wrapped in a 50 J..Ull wire. 

Actuation of a hollow PVDF membrane fibre (49 mm long) wrapped in a 
50 J..Ull wire and coated with polymer (39 J..I.g mm-I) .  The force was held 
constant at 6 mN while the potential was alternated between -0.6 V and 
+0.8 V. The distance the fibre stretches and the current produced were 
measured. 

6. 1 7  Relationship between displacement and charge injected into a PVDF 
membrane fibre coated with polyOCIODASTI during (a) reduction and 
(b) oxidation of one typical pulse. A negative charge is used to indicate 
reduction, a negative displacement to indicate contraction, a positive 
charge to indicate oxidation and positive displacement to indicate 
expanSIOn. 

6. 1 8  

6. 1 9  

6.20 

6.2 1 

6.22 

6.23 

6.24 

6.25 

6.26 

Comparison of the rate of contraction/expansion during oxidation and 
reduction of one typical pulse. The slope represents the rate at which the 
fibre is expanding or contracting. 

Free-standing film of polyOCIODASTI incorporating a zigzagged (50 
J..I.m diameter) wire. Dimensions of film: 6 mm x 21 mm with a thickness 
of 8 1  J..Ull. Mass = 16 . 1 mg. 

Strain created by the polyOCIODASTI film over time as it is doped 
(oxidised) and then dedoped (reduced at -0.6 V) to and from various 
oxidation potentials. 

The effect of the oxidation potential on the strain measured after 5000 
seconds of oxidation. 

Relationship between the strain generated at different oxidation potentials 
and the electrochemical efficiency (EE). 

Relationship between the isometric stress generated on the film and the 
charge density passed as the film is reduced. The film was pre
conditioned at + 1 V to obtain the fully expanded state and then isometric 
measurements were performed as the potential was switched to -0.6 V. 

Schematic of the test cell used in this study. 

SEM unages of the electrodes .  Anodes prepared by casting 
poly(OCIODASTI) onto (a) Ni/Cu substrate (b) carbon fibre substrate. 
The blank substrates before polymer deposition are given for comparison 
as insets in the top right hand corner. (c) Cathode prepared by 
electrodeposition of polypyrrole on stainless steel mesh. Images are 
displayed at x400 magnification with insets at x l 00 magnification. 

Cyclic voltammograms of polyOCIODASTI cast on carbon fibre 
substrate and Ni/Cu substrate. Electrolyte solution: 60 mM TBAPFJPC. 
Scan rate: 1 0  mV S-I . 
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6 .32 

6.33 
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6 .36 

6 .37  

6 .3 8 

Charge (A,C) and discharge (B,D) curves of cells with anodes 
comprising Ni/Cu substrate (A,B) and carbon fibre (C,D). The 
charge/discharge current density is 0.02 mA cm-2. 

Discharge capacities at different discharge current densities obtained for 
the Teflon cell using Ni/Cu and carbon fibre anode substrates. 

Variation of discharge capacity with cycle number for cells with an anode 
comprising polyOCIODASTT on Ni/Cu substrate and carbon fibre 
substrate. Current density: 0 .02 mA cm-2 . 

SEM images showing polyOCIODASTT fibrils with a platinum film as a 
support. (a) Partially dissolved template and viewed from platinum 
coated side, and (b) cross-section of the fibrils with a polymer film on left 
and platinum film on the right. 

CV of fibrils in a partially dissolved template with a platinum backing 
stuck on ITO coated glass. Supporting electrolyte: 0 . 1 M TBAP/AN. 
Scan rate: 100 mV S-I . 

Platinum inverse opals showing the honey comb structure. (a) x7500 and 
(b) x3000 magnification. 

Platinum opal structures produced by sputter-coating the polystyrene 
opal with platinum. (b) opal showing predominantly body-centred cubic 
square-packing. (c) showing predominantly hexagonal close-packing with 
polymer coating. 

AFM images of the underside of a platinum opal structure. (a) 3 -
dimensional image, (b) Height data and (c) deflection data. Scan size: 
1 0.00 I--lffi. 
(a) Gold opal surface on ITO-coated glass and (b) polyOC,oDASTT cast 
on a gold opal surface. 

Edge of ITO opal structure on ITO-coated glass. 

SEM images electrospun polyOCIODASTT fibres. 

Growth of platinum on opal coated ITO coated glass .  1 0  cycles. Scan 
rate: 1 00 mV S-I . 
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